Results: At baseline, the mean (6SD) 25(OH)D concentration was 7 6 4 ng/mL, and all concentrations were ,20 ng/mL. Vitamin D supplementation increased serum 25(OH)D by a mean of 12.7 ng/mL compared with placebo (P , 0.0001). At baseline, 16 children in the vitamin D group and 18 in the placebo group were TST positive (P = 0.7). Over 6 mo, TSTs converted to positive in 5 (11%) children receiving vitamin D compared with 11 (27%) receiving placebo (RR: 0.41; 95% CI: 0.16, 1.09; P = 0.06). Only one TST conversion occurred among those whose serum 25(OH)D concentration increased to .20 ng/mL, whereas 8 TST conversions occurred in those whose final 25(OH)D concentration remained ,10 ng/mL (P = 0.05). The mean increase in stature was 2.9 6 1.6 cm in the vitamin D group and 2.0 6 1.7 cm in the placebo group (95% CI: 2.16, 2.81; P , 0.003). Conclusions: Vitamin D supplementation for 6 mo had significant favorable effects on serum 25(OH)D concentrations and on growth in stature. A trend was seen toward fewer TST conversions in the vitamin D group. This trial was registered at clinicaltrials.gov as NCT01244204.
INTRODUCTION
Tuberculosis might have been the world's leading cause of death from infectious disease over the past 4 centuries (1, 2). Mongolia, a land-locked country in northern Central Asia, has one of the highest tuberculosis burdens in the Western Pacific region. Tuberculosis is among the top 10 causes of mortality in Mongolia. Its incidence increased from 79 to 141 per 100,000 between 1990 and 2001. WHO estimates the current incidence at 230 per 100,000.
Mongols are at high risk of vitamin D deficiency because they live above 45 8 N latitude, where there is too little ultraviolet light to induce cutaneous vitamin D synthesis in winter (3), they must keep their skin covered during the winter, and they have no access to vitamin D-fortified foods. In addition, the recent movement of many formerly nomadic people to the city has resulted in reduced exposure to sunlight and greater exposure to air pollution, which can also reduce cutaneous vitamin D synthesis (4) .
Sunshine and cod liver oil were both mainstays of the treatment of tuberculosis before the availability of antibiotics (5) . In more recent reports, low serum 25-hydroxyvitamin D [25(OH)D] 4 concentrations are shown to be associated with increased susceptibility to tuberculosis (6, 7) , and a vitamin D receptor gene polymorphism and vitamin D metabolism have been related to resistance to tuberculosis (8, 9) . Gibney et al (10) reported an association in asymptomatic people between higher vitamin D status and negative tuberculin status. Recently, ArnedoPena et al (11) showed in cross-sectional and case-control phases of their study that sufficient serum 25(OH)D concentrations are inversely associated with tuberculin skin test (TST) conversion.
Infection with Mycobacterium tuberculosis most commonly results in a latent infection. Because only a subset of infected immunocompetent persons develops active tuberculosis, and the risk of disease is vastly higher in immunocompromised in-dividuals, adequate immune function likely plays a role in staving off disease. The biologically active form of vitamin D-1,25-dihydroxyvitamin D (calcitriol)-is a modulator of macrophage function that helps suppress the intracellular growth of M. tuberculosis (12, 13) . Liu et al (14) showed that serum low in 25(OH)D could not upregulate induction of the antimicrobial peptide cathelicidin and the killing of intracellular M. tuberculosis. By modulating immune function, vitamin D may increase innate immunity (5, 14) and inhibit the growth of the initial bacterial invasion and protect against tuberculosis infection.
We are not aware of any clinical trials studying the ability of vitamin D supplementation to increase resistance to tuberculosis infection. However, Martineau et al (5) investigated the effect of vitamin D supplementation on antimycobacterial responses in a clinical trial of tuberculosis contacts with positive results. In 2009-2010, we conducted a randomized, double-blind, placebocontrolled feasibility trial of supplemental vitamin D among healthy school-age children in Mongolia.
SUBJECTS AND METHODS
Our subjects were selected from among public schoolchildren in the district with the highest incidence of tuberculosis (National Statistics). Children between the ages of 12 and 15 y who resided in Ulaanbaatar were enrolled in the study. Children and parents who agreed to participate completed forms asking about demographic information, economic background, history of contact with tuberculosis-infected persons, and a history of Bacillus Calmette-Guérin (BCG) vaccination. We had a 92% enrollment rate, and 97% of enrolled children had been vaccinated with BCG. The BCG vaccine used in Mongolia comes from a strain maintained by a BCG laboratory in Japan. We did not measure BCG scar size, and, as evidence of BCG immunization, we looked for the presence of a BCG scar.
For each child in the study, the school doctor reviewed the child's medical history, focusing on such symptoms as fever, cough, change in appetite, and change in weight. Research assistants weighed the children with the use of standard doublebeam scales. They also measured the children's heights while they were standing shoeless with their backs against a vertical surface by using a level, right-angled rod brought to the crown of the head. BMI was calculated as body weight divided by height squared (kg/m 2 ). Midupper arm circumference was measured with a plastic tape (15) . Triceps and subscapular skinfold thicknesses were measured with a Holtain skinfold caliper (Holtain Ltd) and were recorded to the nearest 0.2 mm. Each site was measured 3 times, on the left side (15) .
Intradermal Mantoux tuberculin testing was done with purified protein derivative-standard (0.1 mL, 2 TE liquid purified protein derivative; Biolek Enterprise Production Immunobiology and Medications, Kharkiv, Ukraine), which was applied to all enrolled children at baseline. Testing was repeated after 6 mo, at the end of the intervention. The diameter of induration was measured to the nearest millimeter at 72 h by experienced physicians and nurses. A transverse diameter of induration of ,10 mm was considered negative. For purposes of data analysis, a conversion was defined as an increase in induration to $10 mm at follow-up. Those with skin test conversions had blood drawn for T-SPOT.TB testing (an assay of T cell function; Oxford Immunotec) and underwent a physical examination, a chest X-ray, and routine blood tests. They were then referred to the district tuberculosis doctor for further evaluation and possible treatment.
To confirm latent tuberculosis infection (LTBI), we used antigen-stimulated interferon-g production assays that are more specific for tuberculosis infection than is purified protein derivative testing. We used the T-SPOT.TB assay (Oxford Immunotec) because of its reportedly superior ability to detect M. tuberculosis in tuberculosis-endemic areas (16) . Only children whose TSTs were positive at baseline or whose TSTs converted from negative to positive between the baseline measurement and the final measurement at 6 mo had the T-SPOT.TB assay. LTBI was defined as a positive Mantoux test result (diameter: $10 mm) and a positive T-SPOT.TB test, with no evidence of clinical tuberculosis or history of clinical tuberculosis.
The study was designed to be a randomized, double-blind, placebo-controlled feasibility trial to generate preliminary data to justify a larger, longer study to be conducted at a later time. The population was chosen to be representative of the group of schoolchildren from whom we would recruit subjects for the larger study. The size of the sample was limited by our budget but was ultimately determined from the magnitude of the changes (mean 6 SD) in vitamin D concentrations that we found in our preliminary data. We had 80% power to detect a difference as small as 2.63 ng/mL and 90% power to detect a difference as small as 3.89 ng/mL in mean vitamin D between the pre-and postintervention arms [given a type 1 error probability (a) of 0.05]. We used PASS statistical software for our calculations. We used the SDs in 25(OH)D concentrations found in our pilot data, in which we observed mean (6SD) 25(OH)D concentrations of 17.3 6 4.8 ng/mL at the outset of the intervention and 26.5 6 4.5 ng/mL at the end of 1 mo of the intervention. These data are comparable to those gathered from adolescents in Boston during the winter (20.2 6 9.9 ng/mL) (17) and from children in northern Spain in March (12.6 6 5.5 ng/mL) (18) . At baseline, participants were randomly assigned to receive a daily capsule of 800 IU vitamin D 3 (cholecalciferol) or placebo, provided by the vitamin D capsule manufacturer, which matched the vitamin D capsules in color and appearance and were packed in identical but coded bottles. After informed consent was obtained at the baseline visit, research personnel assigned eligible children to the active or placebo regimen on the basis of a table we constructed from a computer-generated list of random numbers. An on-site research assistant not involved with the human subjects stored the coded randomization list in a locked file cabinet. The research assistants, the school doctors, research nurses, and participants were unaware of the assignment groups. During the school week, participants took their assigned vitamin D or placebo and reported their intake in a diary that we provided. To ensure adherence, a trained monitor recorded the intake report data on a daily basis and reported the results to study personnel weekly. During holidays and weekends, the children took the supplements at home under their parents' supervision. At the follow-up visits, capsules remaining in the supplied bottles were counted, to assess compliance. The Tischon Corporation (Salisbury, MD) prepared the capsules but was not involved in the study design, implementation, analysis, or reporting of findings. The study protocol was approved by the institutional review board of the Mongolian Ministry of Health and the institutional review board of the Harvard School of Public Health. No significant adverse events were observed. The project funders had no role in the design, implementation, analysis, or interpretation of the data.
The intervention ran for 6 of the coldest months of the Mongolian year, from November 2009 to May 2010. Each subject was followed up once in January 2010 and again at the end of the intervention, in May 2010. Blood was collected for serum 25(OH)D assays at each visit. Approximately 8 mL blood was obtained from each child in standard red-top tubes. After the blood was centrifuged, the aliquots were frozen and shipped to the United States for serum 25 Descriptive statistics were calculated for all measured variables; t tests were used to compare normally distributed variables between the groups, and chi-square tests or Fisher exact tests were used for qualitative variables. In addition, t tests were used to test for the difference in the magnitude of the changes from baseline serum 25(OH)D concentrations in the vitamin D as compared with the placebo group. Statistical analyses were performed by using SPSS 8.0 (SPSS Inc) for Windows.
RESULTS
A total of 120 children were recruited for the study. All except 2 of 61 (97%) children who were randomly assigned to the vitamin D group completed the study, compared with all except 1 of 58 (98%) children in the placebo group (Figure 1) . These 3 children transferred schools during the study follow-up. In addition, 4 students were excluded from the analysis because they missed the blood drawing at the first (n = 1) or third (n = 3) visit. Compliance with pill taking was excellent. Mean compliance (percentage of prescribed pills taken) was 96% in the vitamin D group and 95% in the placebo group. Only 2 participants from the vitamin D group had compliance ,90% and both of them were at 70%. At baseline, the children in the vitamin D and placebo groups were similar in age, height, weight, BMI, midupper arm circumference, and skinfold thickness. Proportions of TST-and T-SPOT.TB-positive and -negative children were similar in both groups ( Table 1) . Slightly fewer participants of the vitamin D group (28% or 46%) than of the placebo group (31% or 53%) were male.
LTBI at baseline
Of the 120 children who had a TST administered at baseline, 117 (97%) had a visible BCG immunization scar, and 34 (28%) had an induration diameter of $10 mm. Of these 34 TST-positive children, 14 (41%) had positive T-SPOT.TB tests. (One child's T-SPOT.TB assay could not be evaluated because of an insufficient number of cells in the blood sample.) Thus, 14 (12%) of the 120 children given TSTs underwent diagnosis by the most rigorous criteria we could apply as having LTBI at baseline. Children who were TST negative at baseline had rates comparable with those of the TST-positive children: BCG vaccination history, previous history of clinical tuberculosis, and history of tuberculosis contacts. Three of the 120 subjects reported direct contact with someone who had a recent diagnosis of tuberculosis, and 2 subjects had received antituberculous therapy in the past. and 2 (4%) had concentrations ,10 ng/mL. The mean serum 25(OH)D concentration rose from 7 6 4 to 20 6 5 ng/mL in the vitamin D group. In contrast, 56 (98%) of the children who received placebo still had, 6 mo later, 25(OH)D concentrations ,20 ng/mL, and 34 (60%) still had concentrations ,10 ng/mL. The mean serum concentrations of 25(OH)D among the placebo group had fallen by January (from 7 6 4 ng/mL at baseline to 4 6 1 ng/mL) and had risen only slightly (to 10 6 6 ng/mL) by May ( Table 2 ). All children in the placebo group were given vitamin D supplements starting in November 2010.
Change in 25(OH)D concentrations

Anthropometric measurements
After 6 mo, children in both groups showed increases in height, weight, midupper arm circumference, BMI, and triceps and subscapular skinfold thickness, as expected. However, children randomly assigned to the vitamin D group gained significantly more height (mean 6 SD: 2.9 6 1.6 cm) than did the children in the placebo group (2.0 6 1.7 cm) (95% CI: 2.16, 2.81; P = 0.0025) ( Table 3 ). All other changes in anthropometric measurements did not differ significantly between the vitamin D and placebo groups.
TST conversion and T cell assay (T-SPOT.TB) results
Of the 115 children who underwent repeated TST at the end of the study, 41 (36%) had a TST $10 mm at the second measurement done after 6 mo: 17 (29%) in the vitamin D group compared with 24 (42%) in the placebo group. The TST converted from negative to positive in 5 of 45 children (11%) who received vitamin D and in 11 of 41 (27%) children who received placebo. Although not a statistically significant difference, 59% fewer new LTBIs were observed in the vitamin D group than in the placebo group (RR: 0.41; 95% CI: 0.16, 1.09; P = 0.06) ( Table 4) . Nine of the 34 initially TST-positive subjects reverted to TST negative by the end of the study: 4 of 16 (25%) in the vitamin D group and 5 of 18 (28%) in the control group.
All initially TST-positive participants, and all those whose TSTs had converted to positive by the end of the study, were given T-SPOT.TB tests. Of the 22 children in the vitamin D group who were initially either TST negative or TST positive but T-SPOT.TB negative at baseline, 3 (14%) tested positive for T-SPOT.TB at end of the study compared with 5 (17%) of the 29 children with that pattern of test results in the placebo group. Seven initially positive subjects reverted to T-SPOT.TB negative at the end of the study: 3 were in the vitamin D group (14%) compared with 4 in the placebo group (14%) (P = 0.9).
To examine the relation between TST conversion and 25(OH)D concentrations achieved by the end of the intervention, we categorized final 25(OH)D concentrations into very severe (#10 ng/mL), severe (11-15 ng/mL), moderate (16-20 ng/mL), and mild (.20 ng/mL) ( Table 5 ). Only one TST conversion was observed among children with final 25(OH)D concentrations of .20 ng/mL, whereas 8 conversions were observed in the group with concentrations #10 ng/mL (ordinal x 2 test for trend = 3.77, P = 0.05).
DISCUSSION
In this small, randomized, feasibility trial among Mongol schoolchildren, vitamin D deficiency was almost universal at baseline; children had a mean 25(OH)D concentration of 7 ng/mL, and 82% of them had 25(OH)D concentrations of ,10 ng/mL (25 nmol/L). The children in the placebo group showed a drop in mean 25(OH)D concentrations to 4 ng/mL by January. Daily supplementation with 800 IU/d resulted in mean serum 25(OH)D concentrations increasing from 7 to 20 ng/mL. Nevertheless, 60% of the children receiving daily supplements of 800 IU had concentrations that remained ,20 ng/mL after 6 mo, which indicated that higher levels of supplementation may be needed to bring most children into the normal range, ie, .20 ng/mL according to a recent Institute of Medicine Review (http://www. iom.edu/Reports/2010/Dietary-Reference-Intakes-for-Calcium-andVitamin-D.aspx).
Vitamin D supplements resulted in small but significantly greater gains in height, but not in body weight. To the best of our knowledge, ours was the first study to show that vitamin D supplementation, as an isolated intervention, can improve growth 8 in healthy children. In an earlier study in Ulaanbaatar, Mongolia (19), we showed that children who drank vitamin D-fortified milk grew significantly taller, but we could not distinguish the effect of vitamin D from other contributions of the milk. This effect of vitamin D may explain the often-repeated observation that children grow more during the spring and summer than in the fall and winter (20) (21) (22) (23) (24) (25) .
Our study is the first we know of to document the rate of LTBI among Mongol schoolchildren. Use of the T-SPOT.TB assay, which is more specific than the TST and distinguishes M. tuberculosis infection from BCG immunization, is especially important in this commonly BCG vaccinated population; we found 12% of our children to have LTBI. Through use of a TST definition of LTBI, we found that 28% of our children qualified for the diagnosis. In this trial we found a 59% reduction in the TST conversion rate in the group taking 800 IU vitamin D/d for 6 mo compared with the rate of conversion in the placebo group (P = 0.06). In a secondary analysis, there was only one TST conversion among those achieving .20 ng/mL 25(OH)D, whereas there were 8 TST conversions among those not achieving $10 ng/mL (P = 0.05). In a somewhat indirect, although parallel, finding that addresses disease progression in initially TSTpositive subjects and not TST conversion, Talat et al (26) reported that tuberculosis progression was diminished in the household contacts of patients with tuberculosis who were in the highest tertile of plasma 25(OH)D concentrations compared with those in the lowest tertile (P = 0.002).
In our study, the TST conversion rate over 6 mo is high. This may have been related to a concurrent outbreak of tuberculosis infection among first graders at the school, where we conducted our study. Alternatively, our high TST conversion rate may reflect a "booster phenomenon," observed after repeated tuberculin tests (27) , rather than acquisition of LTBI. On the other hand, there have been reports suggesting that vitamin D deficiency may cause anergy in the delayed hypersensitivity skin test in humans (28) . Another study suggested that vitamin D supplementation may be beneficial to individuals with insufficient vitamin D concentrations but may increase the risk of tuberculosis among individuals with normal or high concentrations (29) .
What possible explanations are there for the lower TST conversion rate in children who received vitamin D? If vitamin D had increased acquired immunity, one might have expected the opposite result, ie, that vitamin D supplementation would have been associated with a higher rate of skin test conversion. However, if instead, vitamin D increased innate immunity, one might see our result. If innate immunity sufficiently inhibits the growth of the initial bacterial invasion, the number of bacilli to which the host immune system is exposed might remain below the minimum required to stimulate T-cell expansion and acquired immunity. This hypothesis is consistent with the in vitro finding of Liu et al (14) and the in vivo finding of Martineau et al (5) . Also consistent with this interpretation is a double-blind randomized controlled trial among 192 healthy tuberculosis contacts, who received a single oral dose of 2.5 mg vitamin D (100,000 IU) or placebo and were followed for 6 wk (5). Efficacy of vitamin D supplementation was determined by comparing the luminescence of samples before and after the dose, based on the assumption that a stronger immune response would suppress growth of bacteria and thus the luminescence observed. According to this measure, vitamin D supplementation suppressed bacterial growth at 24 h, an indicator of innate immunity, by 20.4% more than placebo (P = 0.03) but did not affect luminescence or interferon-g secretion at 96 h-an indicator of acquired immunity. On the other hand, in a study by Yesudian et al (30) , significant change in antimycobacterial immunity (as expressed by the BCG-lux assay) did not occur even though the mean 25(OH)D concentration increased significantly after ultraviolet B treatment (P , 0.01).
None of the participants were tested for HIV. Although Mongols are vulnerable to HIV/AIDS, the number of HIV/AIDS cases reported from Mongolia is still very low. Between 2002 and 2007, the central laboratory of the National Center for Chronic Disease Control had tested 1920 tuberculosis patients for HIV; only one of the tests was positive.
Our reliance on self-reported vitamin D adherence may have caused us to overestimate the degree of supplementation that the children were actually getting, which may have weakened our conclusion that 800 IU/d is not enough to get most children to the Institute of Medicine-recommended serum concentration of 20 ng/mL in this group with low exposure to sunlight. However, the increase in serum 25(OH)D concentrations observed in the children who took the vitamin D supplement is consistent with previous observations that have shown that blood concentrations of 25(OH)D increase by w1 ng/mL for every 100 IU vitamin D ingested (31) .
The small size of our study and our reliance, for reasons related to resource limitations, on the TST did not allow us to settle the question of whether in this group vitamin D supplementation really reduced the rate of acquisition of LTBI. However, the possible public health importance of the effect size observed should justify a larger and better-funded study to settle the issue.
In conclusion, supplementation with 800 IU vitamin D/d, compared with placebo, for 6 mo in a group of Mongol schoolchildren had favorable and statistically significant effects on serum 25(OH)D concentrations and on growth in stature. We also observed a 59% greater reduction in the TST conversion rate in the group given vitamin D, but this difference was not statistically significant. Yet, if an effect this large could be shown in a larger study, the public health significance would be clear, because improving vitamin D status could increase innate immunity and thus play a role in the primary prevention of tuberculosis infection.
